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magnets, two electrostatic steerers, and three dipole bending mag-
nets are used between the ion sources and the TEM. In the same
way, a set of four viewing screens, five Faraday cups, and three
beam profile monitors is used to characterize both ion beams at
several locations along the beamlines. The range and complexity
of a portion of this ion beam system can be seen in the I3TEM
beamline schematic shown in Fig. 2.

3. Ex situ dual beam capabilities

A significant concern with any in situ TEM experiment is deter-
mining the effects associated with TEM sample preparation, small
sample dimensions, and electron beam irradiation of the sample. In
order to address these concerns, an ex situ implantation chamber
was incorporated less than 1 m upstream of the TEM, as shown
in Fig. 1A. The chamber was placed as close to the TEM as was
allowed by the physical connection and final ion beam character-
ization components. This arrangement permits validating electri-

cal, thermal, and small-scale mechanical testing experiments to
be run on larger samples exposed to identical ion species, energies,
and dose conditions as those observed during in situ TEM experi-
ments. The chamber can expose sub-regions of samples up to
100 mm in diameter to any combination of ion beams that can
be aligned into the TEM, including concurrent combinations of
high-energy heavy ion beams from the Tandem accelerator and
low-energy gas ion beams from the Colutron. The samples are posi-
tioned by a four-axis stage, and the chamber includes unused ports
that ensure additional potential for expansion. A significant vac-
uum capacity including Venturi, cryosorption, and turbomolecular
pumps permits independent venting and rapid pumping of the
chamber during full isolated operation of the TEM, Colutron, and
Tandem. The ability to perform dual beam experiments on regions
of wafer-size samples provides both a unique capability to validate
in situ TEM experiments and a means to provide deeper direct
understanding into the property evolution that occurs in extreme
radiation environments.

Fig. 1. I3TEM facility (A) JEOL 2100 TEM with key beamline and stage capabilities identified. (B) 6 MV EN Tandem Accelerator with the location of the ion sources identified.
(C) 10 kV Colutron.

58 K. Hattar et al. / Nuclear Instruments and Methods in Physics Research B 338 (2014) 56–65

ions. This setup allows the monitoring of solid/liquid interfaces un-
der irradiation giving access to radiolysis effects. The damage in-
duced in UO2 by He ion irradiation was more particularly
investigated.[19,20] Recently, a research group from the Inter Univer-
sity Accelerator Centre (IUAC, New Delhi) has installed an in situ
micro-Raman setup, based on a Renishaw In Via Ramanmicroscope
equipped with a fiber optic probe (FOP), coupled to a tandem
Pelletron™ able to deliver swift heavy ion beams.[21] After each in-
crement of ion fluence, the target ladder is rotated by 90° for re-
cording the micro-Raman spectra.

The specificity of the JANNUS platform is the possibility to vary
many parameters during irradiation experiments: projected range
(large variety of ions types and energies), flux, fluence, nuclear to
electronic stopping power ratio and temperature. Multiple ion
beam facilities have been used for nearly 30 years to simulate
the irradiation effects of neutrons on relevant nuclear materials.
Actually, simultaneous ion beam irradiation allows the study of
structural damage build-up and foreign atom accumulation. More-
over, some studies show that sequential single beam or simulta-
neous multiple beam irradiations do not produce the same type
of microstructural evolution. For example, Lévy and coworkers[22]

clearly demonstrated that sequential dual-beam irradiation of
316 steel (using Ni and He ions) could lead to substantially dif-
ferent results in terms of swelling amplitude. More recently,
Thomé and coworkers[23] performed at JANNUS-Saclay sequential
single and dual-beam irradiations of oxides (ZrO2, MgO and
Gd2Ti2O7) and carbides (SiC) to study combined effects of nuclear
stopping power Sn (using 900-keV I ion) and electronic stopping
power Se (using 36-MeV W ions). A synergy between Sn and Se
was observed, leading to a strong decrease of the accumulated
damage in two materials (SiC and MgO). On the contrary, the
two other systems investigated in this study (ZrO2 and Gd2Ti2O7)
did not exhibit damage healing. These results present a strong in-
terest for both the understanding of the ion-solid interactions and
technological applications in the nuclear industry where expected
cooperative Sn/Se effects may occur.

In this paper, we describe the in situ Raman device implanted in
the triple-beam chamber at the JANNUS-Saclay laboratory, and we
illustrate the possibilities of this setup by presenting typical results
obtained on three different nuclear materials. The first example
concerns silicon carbide (SiC), a material which is selected for a va-
riety of applications including fuel cladding in fission reactors and
structural components in fusion reactors. The second example is re-
lated to the effects of ion irradiation on zirconia oxide layer (ZrO2)
formed on zircaloy-4 during 50-day corrosion test simulating the re-
sult of the exposition of fuel cladding to aggressive aqueous envi-
ronment in pressurized water reactors (PWR). The last example
deals with boron carbide (B4C), a material which is widely used as
neutron absorber in nearly all types of nuclear power plants.

Experimental procedures

The JANNUS-Saclay facility and the Raman setup

The JANNUS triple-irradiation facility at Saclay includes three accel-
erators: Épiméthée, a 3-MV single-ended Pelletron™ (3UH-4 from
National Electrostatics Corporation) equipped with an electron cy-
clotron resonance (ECR) source (Pantechnik, Nanogan™ type) able
to provide heavy ion beams with high energies and ranges from
gases or volatile organometallic compounds; Japet, a 2-MV Tandem
Pelletron™ (6SDH-2 from National Electrostatics Corporation)
equipped with an external SNICS II ion source (cesium sputter

source) which delivers single-charged ions with energies ranging
between 0.5 and 4MeV, doubly charged ions up to 6MeV and
higher charge-state ions with higher energies but lower currents;
Pandore, a 2.5-MV single-ended Pelletron™ (7.5SH-2 from National
Electrostatics Corporation) equipped with a radio frequency (RF)
ion source which produces protons, deuterons, 3He, 4He, Ar and
Kr ions.

The triple-beam chamber allows single, dual or triple-beam irra-
diations. Each beam line, converging towards the triple beam
chamber with an incidence angle of 15°, is equipped with a raster
scanner unit able to spread the beam homogeneously over an area
of 2 cm in diameter on the sample surface. Energy degraders may
also be used to produce almost homogeneous irradiation damage
along the whole ion range. The sample holder mounted on the rear
part of the chamber is able to operate from liquid nitrogen temper-
ature up to 800 °C.

The facility includes a Renishaw Invia Reflex™ spectrometer
Raman equipped with a Leica DM2500 microscope with five objec-
tives (×5, ×20, ×50, ×50L and ×100 magnification). A 100-mW,
frequency-doubled Nd: YAG (532nm) laser, with four power filters
to obtain 16 power levels (from 0.00005 to 100%), is used as the ex-
citation source. This spectrometer includes two diffraction gratings
(1800 and 2400 lines/mm) and edge filters, allowing 1 cm!1 spectral
resolution. This facility aims at performing point acquisition but also
two-dimensional (2D) maps and depth scans, before and after ion
irradiation.

The micro-Raman setup can be easily switched from ex situ to in
situmode. In in situmode, an additional mirror, located in the spec-
trometer intercepts and injects the laser into a 50-m-long fiber up
to the triple-beam chamber. In the chamber (Fig. 1), this fiber is con-
nected to a FOP, equipped with a video device and a 57-cm exten-
sion tube containing the objective. The FOP, the extension tube
and the collection optics have been specially designed by
Renishaw. The extension tube is inserted inside a protecting tube
closed by a 5-mm-thick silica window used for vacuum sealing. This
additional system is maintained on a three-axis manipulator. The
specifications of the collection optics: diameter, working distance

Figure 1. Drawing of the in situ Raman system connected to the triple
beam chamber.

S. Miro et al.

J. Raman Spectrosc. 2016 , 47, 476–485 Copyright © 2015 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Transient Grating Spectroscopy (TGS)
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Transient	grating	spectroscopy	is	a	technique	which	measures	thermo-
mechanical	properties	by	inducing	and	monitoring	surface	acoustic	waves
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Figure 3-4: Sample results from transient grating excitation with ⇤ = 4.82 µm along the (100)
direction of {001} oriented single crystal aluminum. The SAW response is superimposed over the
decaying thermal grating as a function of time. The inset shows the filtered power spectrum of the
response with a clear peak at the SAW frequency. Figure sourced from [35].

3.2 Amplitude and phase grating thermal transport

To use the TGS technique to monitor the thermal transport properties of bulk materials under

investigation, we must first construct an appropriate model for both the surface temperature profile

and the surface displacement profile as a function of time. Consider a two-dimensional semi-infinite

half-space defining a surface (at z = 0) on which a periodic transient grating will be projected.

We define the positive ẑ direction into surface. The surface temperature profile resulting from a

�-function grating excitation can be found by solving the thermal diffusion equation
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= Q(x, z, t), (3.8)

where ⇢ is density, cv is the heat capacity, T is the temperature, kx and kz are the thermal con-

ductivity components parallel and perpendicular to the surface, respectively, and Q(x, z, t) is the

absorbed heat density [24,22]. This equation can be solved for an infinite periodic surface excitation

of the form

Q(x, t) = Q0 cos(qx)�(t), (3.9)

where Q0 is a laser intensity, q is the grating wave vector as defined in Eq. (3.1), and �(t) is the Dirac

delta function, by using a Fourier transform technique for both spatial and temporal components of

the response [22]. Appropriate boundary conditions for the problem are given by
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acoustic oscillations return 
elastic mechanical properties

Grating decay returns thermal 
transport properties
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Figure 3-4: Sample results from transient grating excitation with ⇤ = 4.82 µm along the (100)
direction of {001} oriented single crystal aluminum. The SAW response is superimposed over the
decaying thermal grating as a function of time. The inset shows the filtered power spectrum of the
response with a clear peak at the SAW frequency. Figure sourced from [35].
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Figure 3-4: Sample results from transient grating excitation with ⇤ = 4.82 µm along the (100)
direction of {001} oriented single crystal aluminum. The SAW response is superimposed over the
decaying thermal grating as a function of time. The inset shows the filtered power spectrum of the
response with a clear peak at the SAW frequency. Figure sourced from [35].

3.2 Amplitude and phase grating thermal transport

To use the TGS technique to monitor the thermal transport properties of bulk materials under

investigation, we must first construct an appropriate model for both the surface temperature profile

and the surface displacement profile as a function of time. Consider a two-dimensional semi-infinite

half-space defining a surface (at z = 0) on which a periodic transient grating will be projected.
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in situ ion irradiation TGS 
(I3TGS) beamline at the 
Sandia Ion Beam Lab
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long- and short-timescale defect effects 
in Ni-based solid solution alloys

depth of 600 nm followed by a low density of small voids. Higher-
magnification bright-field TEM micrographs of dislocation
structures of four materials are shown in Supplementary Fig. 2.
A higher density of smaller voids was found to exist further from
the surface than the dislocation loops in NiFe and NiCoFeCr. In
addition, similar dislocations and void distributions were
observed in NiFe and NiCoFeCrMn irradiated with 3 MeV Niþ

ions to 5" 1016 cm# 2, as shown in Fig. 2b.
The most interesting observation of this study is that the void

and dislocation structures were heterogeneously distributed in
two unique ways across the depth range among the six f.c.c.
alloys. During high-temperature irradiation at 773 K (B0.45 of
the melting temperature), irradiation-induced vacancies are
mobile24. The supersaturated concentration of vacancies can
agglomerate together to form voids or vacancy type of dislocation
loops, while interstitial defects can agglomerate into dislocation
loops that grow into network dislocation lines. Careful
characterization of the dislocation loops using the inside–
outside contrast method25 (Supplementary Fig. 3), as well as
high-resolution high-angle annular dark field scanning TEM
(STEM; Fig. 2c), confirmed the interstitial nature of the
dislocation loops observed. Apparently, the resistance to void
swelling of the SP-CSAs is related to the segregation between
vacancy and interstitial types of defect clusters that is essentially
the result of self-organization of irradiation-induced vacancies
and interstitials.

Theoretical defect cluster migration behaviour. One-
dimensional (1D) motion of small interstitial clusters has been
proposed and observed in a molecular dynamics (MD) study
of copper26,27. It has been demonstrated that small clusters of
self-interstitial atoms can migrate one-dimensionally along the
close-packed row of atoms in the lattice. In simple metals, the

migration barrier of the small glissile interstitial clusters is very
low for 1D motion. Thus, they can migrate extremely fast along
the direction of their Burgers vector. The 1D motion of small
defect clusters has also been observed directly by in situ TEM
during irradiation28,29. Long-distance 1D migration of interstitial
clusters will eliminate interstitials for recombination in the local
area due to a variety of mechanisms by allowing the interstitials
to reach distant regions or sinks, leaving a high-vacancy
supersaturation behind and, thus, leading to significant void
swelling. On the basis of the TEM results of this study, we
propose that the 1D motion of interstitial defects dominates in
nickel and NiCo, but has apparently been suppressed in NiFe,
NiCoFe, NiCoFeCr and NiCoFeCrMn by the existence of
complexity alloying effects on defocusing 1D motion.

MD simulations have been carried out to interpret the
experimental observations of this study. The calculated diffusion
coefficients of single interstitial and small interstitial clusters
(I1–I4) for NiFe are shown in Supplementary Fig. 4a. The defect
migration energy barriers (Em) and exponential pre-factors (D0)
in NiFe are shown in Table 1, along with those in pure nickel for
comparison. The Em for a single interstitial in NiFe is higher than
that in pure nickel30,31, which may be attributed to the difference
in atomic size between nickel and iron, as well as the structural
distortions in the random solid solution alloy. It is of interest to
note that the Em of interstitial clusters in NiFe increases with
increasing cluster size, in contrast to that in nickel, where the Em
of interstitial clusters is almost independent of the cluster size.
The key difference between NiFe and nickel is that the small
interstitial clusters migrate randomly in 3D in NiFe, but exhibit
1D migration in nickel. As schematically illustrated in Fig. 3a,
if an interstitial cluster migrates along the glide cylinder with 1D
motion in pure nickel, while the vacancy concentration in the
cylinder is equal to that in the environment, the interstitial cluster
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Figure 1 | Irradiation-induced void distribution. (a) Cross-sectional TEM images of nickel, NiCo, NiFe and NiCoFeCr irradiated with 1.5 MeV Niþ ions to
3" 1015 cm# 2 at 773 K, scale bars in the zoomed images are 50 nm. (b) Cross-sectional TEM images of nickel, NiFe, NiCoFe and NiCoFeCrMn irradiated
with 3 MeV Niþ ions to 5" 1016 cm# 2 at 773 K. The ions enter the specimen from the top of the images.
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• high strength

• thermal stability

• wear resistance

• corrosion resistance

• irradiation tolerance
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surface angle <100>{001}

ion species Ni5+

ion energy 31 MeV

temperature 550˚C

TGS wavelength 4.55 µm

peak dose 60 dpa

peak dose rate 1.6-1.8  
x 10-3 dpa/s

measurement time 35 sec

measurement 
interval 60 sec

exposure time 
per sample 9.5-10.5 hours

31 MeV Ni5+ in Ni at 550˚C
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NiFe NiCoCr

at temperature, 
ion beam off

at temperature, 
ion beam on

8.8 m/s
8.5 m/s

`instantaneous’ defect generation 
affects mechanical properties



surface angle <100>{001}

ion species Ni6+

ion energy 31 MeV

temperature 500˚C

TGS wavelength 4.55 µm

dose rates [1, 2, 5, 10, 20] x 
10-4 dpa/s

measurement 
interval ~30 sec

annealing time 
between impulses ~30 min

31 MeV Ni5+ in Ni at 550˚C
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beam current lowered in steps 
between impulse experiments 

higher beam heating and larger temperature 
fluctuations during high flux experiments
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transient defect populations stiffen the elastic 
modulus, inversely correlated with dose rate

background defect accumulation continually 
evolving and not fully annealing
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of any alloy chemistry studied

transient accumulation time longer 
than for other alloys
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initial lattice stiffening is irreversible, softening 
observed at identical dose rates following saturation 



short-timescale defect accumulation observations 
and question

stiffening vs. softening in different alloys
defect type variation?

limitations of subsequent irradiation impulses
underlying background evolution?

higher temperatures needed for annealing?



in situ means 
interesting failure

ion beam 
on sample

ion beam 
failure

sample 
cooling 
started

31 dpa

high temperature 
baseline 
measurements

13Cr-7Al-23Zr-30Mo-24Nb-4Ta

refractory multiple principle 
element alloy

10 MeV Si2+



• in situ ion irradiation TGS  
beamline available for use 
at Sandia National Labs

• thermoelastic material 
properties explored directly 
in situ under extreme 
conditions at both short 
and long timescales
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NiFeCoCrMn

contact: cody.dennett@inl.gov

• in situ ion irradiation TGS  beamline 
available for use at Sandia National Labs

• thermoelastic material properties explored 
directly in situ under extreme conditions at 
both short and long timescales
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